background: Benzo(a)pyrene (BaP) is an endocrine toxicant that is widely distributed in the environment. The adverse effects of BaP on fertility are well documented, however its effects on fertility in the subsequent generations are not known. We aimed to investigate the transgenerational effects of BaP on male fertility in mice.
Introduction
Polycyclic aromatic hydrocarbons (PAHs) constitute a group of toxic chemicals that are widely distributed in the environment. PAHs are a significant environmental problem and have adverse effects on human (McClellan, 1987) and animal (Jurisicova et al., 2007) health. PAHs reduce the weights of the reproductive organs, damage ovarian follicles, and cause infertility and abnormal fetal development in laboratory animal models (Rigdon and Rennels, 1964; MacKenzie and Angevine, 1981; Csaba et al., 1993; Borman et al., 2000) .
Benzo(a)pyrene (BaP) is an archetypal PAH (Santodonato, 1997 ) that is released into the environment as a result of forest fires, industrial emissions, manufacturing of products such as tar, coke and aluminum, vehicle exhaust and oil spills from tankers. The combustions of coal and wood, as well as cigarette smoke, contribute to the release of BaP into the residential environment. Inhalation is the primary route of BaP exposure in humans, especially for smokers, road pavers exposed to coal tar, industrial workers and populations residing near hazardous waste sites (Inyang et al., 2003) . Previous studies in animal models have clearly demonstrated that direct exposure to BaP has a toxic effect on reproduction. Small litter size, impaired fertility and gonadal malformation were observed in mice exposed to BaP (Mackenzie and Angevine, 1981) , and decreased sperm progressive motility and disrupted hormone profiles were † These authors contributed equally to this work. observed in rats exposed to BaP (Inyang et al., 2003; Ramesh et al., 2008) . Otherwise, in vitro, BaP impaired cumulus expansion and follicle growth in isolated rat follicle culture experiments (Neal et al., 2007) , and the short-term exposure to BaP increased HCG secretion of placental explants, an effect which is maintained after removal of BaP (Barnea and Shurtz-Swirski, 1992) .
Direct exposure to environmental compounds during embryogenesis or in the early post-natal stage may promote adult onset disease in exposed animals and their next generation (Newbold et al., 1998 (Newbold et al., , 2000 Jefferson et al., 2007) . Moreover, Anway et al. (2005) showed that the endocrine disruptor, vinclozolin, induced male infertility and spermatogenic defects (decreased cell number and viability) in four successive generations (i.e. F1 to F4) of rats after exposure of only the F0 generation to this compound, and these effects were correlated with altered DNA methylation patterns in the male germ-line in all the generations tested. Recently, Marques et al. (2010) showed that the methylation defect in the male germ-line is associated with impairment of spermatogenesis. The epigenetic effect on the germ-line could re-program the germ cell through an event such as altered DNA imprinting, and this epigenetic effect could cause a transgenerational effect on subsequent generations through the germ-line Skinner, 2008) .
Transmission of the reproductive impacts of environmental chemicals and endocrine disruptors through germ-lines into subsequent generations should therefore be researched more intensively. To the best of our knowledge, the transgenerational impacts of BaP exposure on testes morphology, sperm function and male fertility have not been thoroughly investigated. Here, we demonstrate that oral exposure to BaP at a peri-pubertal stage has a transgenerational effect on testes morphology and sperm function in a mouse model.
Materials and Methods

Chemicals
BaP was purchased from Sigma Chemical Co. (St Louis, MO, USA) and was dissolved in corn oil by heating to obtain suitable concentrations for use. Fresh solutions were prepared weekly and were stored in conical tubes at room temperature in the dark.
Preparation of media
All components were purchased from Sigma Chemical Co. All T6 medium (Quinn et al., 1982) was freshly prepared for each experiment. T6 medium supplemented with bovine serum albumin (4 mg/ml) and heparin (20 mg/ ml) was used to induce sperm capacitation. The medium was incubated overnight before the day of experiment at 378C under 5% CO 2 in air.
Animals and BaP treatment
Five-week-old male C57BL/6 mice were purchased from Central Lab Animal, Inc. (Seoul, Korea), and female golden hamsters were purchased from Daehan Biolink Co. (Eumseoung, Korea). All animals were housed in a room with controlled lighting (12 h light/12 h dark) at a temperature of 22 + 28C and were provided with laboratory feed (SAM#31; Samtako Co., O-San, Korea) and water ad libitum. They were allowed to adapt for 1 week before the start of the experiment. Adapted mice (6-weeks-old) were randomly divided into three groups (n ¼ 10 for each group): a BaP treated-group that received daily 1 mg/kg body weight of BaP orally for 6 weeks, a second BaP group that received daily 10 mg/kg body weight of BaP orally for 6 weeks and a control group that was given vehicle (corn oil) only. Body weight was measured twice a week for all mice. After the final exposure, each male was stabilized for 1 week and then mated with two C57BL/6 untreated females in the same cage for 1 week to produce F1. Copulation was confirmed by observation of a vaginal plug, and male mice were then sacrificed 7 days after mating. The F1 males were mated with untreated females, but not with F1 females. The same procedure was done for F2 males. The male mice of F1, F2 and F3 were not exposed to BaP. The F0, F1, F2 and F3 male mice were all sacrificed at the same age. All procedures were performed according to the approved guidelines for the ethical treatment of animals and the regulations of Chung-Ang University (AEC-20080428-2), in compliance with standard international regulations.
Preparation of spermatozoa
Spermatozoa were collected based on the method described by Tayama et al. (2006) . Briefly, both caudal epididymides from each animal were separated, trimmed free of fat and placed on a paper towel to remove any liquid. For sperm sampling, both cauda epididymidis from each animal were cut with a surgical blade. The excised cauda epididymidis was minced with small scissors in 1 ml T6 media supplemented with bovine serum albumin (4 mg/ml) in a sterile plastic dish. It was compressed gently using the plunger of a 1 ml disposal tuberculin syringe. The sperm suspensions collected in this way were allowed to disperse for 15 min on a warming tray at 378C and were used to determine a sperm count and to evaluate sperm motility. Then the sperm suspensions were incubated in capacitation medium for 30 min for use in sperm penetration assay (SPA).
Sperm count and percent motility were analyzed using a computerassisted sperm analyzer (CASA) (SAIS plus version 10.1, Medical Supply, Seoul, Korea). Briefly, 10 ml of a sperm sample was placed in a Makler counting chamber (Makler, Israel). The filled chamber was placed on a 378C heated stage. Using a 10X objective in phase contrast, the image was automatically relayed, digitized and analyzed. The movement of at least 250 sperm cells was recorded from five random fields for each sample. The user-defined settings for the program were as follows: frames acquired, 20; frame rate, 30 Hz; minimum contrast, 7; minimum size, 5; low-/high-size gates, 0.4 -1.5; low-/high-intensity gates, 0.4 -1.5; non-motile head size, 16; non-motile brightness, 14. With respect to the motility setting parameters, objects with a curvilinear velocity .10 mm/s were considered motile.
Histological examination of the testes
One side of the testes from the males in each group was fixed in 10% neutral buffered formalin for 24 h. They were then embedded in paraffin, sectioned at 5 mm thickness, and stained with hematoxylin and eosin before investigation under a light microscope. The areas and diameters of the seminiferous tubules and the lumen were measured for 120 seminiferous tubules, and the seminiferous epithelium area was calculated as the area of the seminiferous tubules with the lumen area excluded. The ratio of seminiferous tubules containing elongated spermatids to those not containing elongated spermatids was assessed by examining all seminiferous tubules in the section. All histological image analyses were performed using NIS-Elements Basic Research version 2.32 software (Nikon Co., Tokyo, Japan).
SPA using zona-free hamster oocytes
Zona-free hamster oocytes were obtained from mature golden hamsters that had been injected on Day 1 of their estrus cycle with PMSG followed by HCG (30 IU each) via intraperitoneal injections 48 h apart. Mature oocytes were collected from the oviducts of superovulated females between 16 and 18 h after injection of HCG. The obtained oocytes were treated with 0.1% hyaluronidase and 0.1% trypsin to remove the cumulus cells and zona pellucida, respectively. The oocytes were washed three times with PBS after the enzyme treatment.
Each group of 10 hamster oocytes was placed in a 50 ml droplet of T6 medium containing 2 × 10 6 /ml motile sperm treated with heparin and was incubated at 378C under 5% CO 2 in air for 6 h. At the end of the co-incubation period, the oocytes were mounted onto slides and fixed for a minimum of 24 h with an ethanol: acetic acid (3:1, v/v) mixture. The oocytes were later stained with 1% lacmoid and were examined for evidence of spermatozoa penetration under a phase contrast microscope (×400 magnification). The data obtained from the SPA were expressed as sperm fertility indices (SFIs) as described by Oh et al. (2010) ; SFI ¼ no. of enlarged sperm heads + no. of decondensed sperm heads + 2 × (no. of pronuclei) per ovum.
Statistical analysis
Levene's test was used to test the normality of the data. Because the data were normally distributed and have equal variance, the data were analyzed using ANOVA implemented in SPSS (Version 12.0, USA). This test compares responses within replicates; for a significant difference to be obtained, a consistent and reasonably high difference was required between the control and treatment samples. If the P-value was ,0.05 in the ANOVA, Tukey's honest significant difference test was performed. To determine whether BaP has transgenerational effects on the measured fertility parameters, data were expressed as the percentage of each generation's control (100%) over time + the standard deviation.
Results
Testis histology
Histological examination of testis tissue sections revealed some alterations following exposure to BaP. The overall testicular morphology was normal in the vehicle group, whereas testicular atrophy was observed in the BaP treatment groups. The area of seminiferous epithelium decreased in F0 and F1 mice in the 10 mg/kg BaP treatment group and in the F1 generation in the 1 mg/kg BaP treatment group (Fig. 1A) ; however, the difference between the treatments and the control group across generations was not significant.
Seminiferous tubules containing elongated spermatids
The percentage of seminiferous tubules containing elongated spermatids was lower in the BaP treatment groups than in the vehicle group for all of the generations studied except the F3 generation (Fig. 1B) . This decrease was significant in the F0 and F2 males after treatment with 10 mg/kg BaP.
Sperm count
The epididymal reserve sperm counts of the BaP treatment groups were lower than those of the vehicle group through three generations (Fig. 2) . A significant reduction in sperm count was observed in the F0 and F1 male mice in the 1 mg/kg BaP treatment group and in the F0, F1 and F2 male mice in the 10 mg/kg BaP treatment group. Significant differences were observed between treatment groups for all generations except the F3 generation. 
Transgenerational effect of benzo(a)pyrene
Sperm motility
As shown in Fig. 3 , while the motility was lower in BaP treatment groups compared with the vehicle control in F0 and F1 generation, only the high dose of BaP significantly decreased sperm motility in the F0 generation. No detectable effects on sperm motility were seen in F2 or F3 generation.
Sperm fertilizing ability
Sperm fertility was assessed by SPA, and the data are expressed as SFIs. BaP treatment (low and high doses) significantly reduced the SFIs of F0 and F1 males (Fig. 4) . The SFI of F3 male mice was similar to that of the control males.
Discussion
The present study was designed to determine if BaP has an adverse effect on fertility parameters after direct exposure in mice and to investigate whether this effect can be passed on through the male germ-line to subsequent generations. To determine the effects of BaP on male reproduction, we focused on morphological examinations of the testis and functional tests of the spermatozoa. Interestingly, BaP altered all fertility parameters in our study and its effect was not restricted to the F0 and F1 males but transmitted into the F2 generation. Sperm count and sperm fertility were the more sensitive parameters in our study, and they both decreased significantly over multiple generations, but not to the F3 generation.
The doses of BaP and route of administration in our study have also been investigated by several authors (Mackenzie and Angevine, 1981; Kristensen et al., 1995; Kummer et al., 2007) . These doses are approximately the range of exposure to humans, and were chosen based on previous studies in which the animal exposed to 10 mg/kg body weight in utero was subfertile (for more details see, Mackenzie and Angevine, 1981) . Although the main route for BaP exposure is inhalation, Ramesh et al. (2001) showed that the effect of exposure to 0.1 mg/m 3 inhaled BaP is equivalent to a 20 mg/kg oral dose. The mean concentrations of BaP in the ambient air of highly polluted areas vary from 0.02 (Chorazy et al., 1994) to 0.1 mg/m 3 (Viau et al., 2000) .
It is known that the testis morphology is directly correlated with function; atrophy of the seminiferous epithelium may alter the efficiencies of hormone secretion and nutritional support for germ cells, thereby adversely affecting spermatogenesis and germ cell development. In our study, BaP treatment decreased the seminiferous epithelium area in males from the F0 and F1 generations, especially in mice exposed to a high dose of BaP (10 mg/kg). While this decrease was not significant, it may nevertheless be associated with alterations in germ cell development and impaired spermatogenesis. BaP affected the percentage of seminiferous tubules containing elongated spermatids more severely than the seminiferous epithelium area; the percentage of seminiferous tubules containing elongated spermatids decreased markedly for three generations and recovered only in the F3 generation, with the effect in F1 being non-significant. It is notable that a direct exposure of BaP to male mice in the pre-pubertal stage in the present study may affect the germ cells in F0, thus affecting F1. In this regard, it is more likely that the resultant effect of BaP on F0 and F1 may be multi-generational. However, the effect of BaP on F2 is transgenerational because it can be transmitted into the F2 generation without involving direct exposure. The number of seminiferous tubules with elongated spermatids reflects the proficiency of spermatogenesis and testis function. Our findings are consistent with those reported by other investigators in regard to the effect of BaP on the animal after a direct exposure. Mackenzie and Angevine (1981) reported partial morphological alterations in the testes of mice exposed to 10 mg/kg BaP in the uterus compared with those of control mice, and they found this alteration to be significant in male mice exposed to 40 mg/kg BaP. All mice exposed to BaP in the uterus in their study showed decreased fertility in a dose-dependent manner. Furthermore, in rats, significant alterations in testes morphology and fertility were observed after male rats inhaled BaP (Ramesh et al., 2008) . The effect of BaP on testis morphology, therefore, appears to be dosedependent and to have a corresponding negative effect on fertility. Reduced sperm count may be one of the factors contributing to subfertility (Salian et al., 2009) . Sperm count is a direct indicator of spermatogenesis efficiency. In the present study, sperm count was the parameter that was most sensitive to BaP exposure. BaP exposure lowered the sperm count in F0, F1 and F2 males with no detectable effect in F3, which indicates both the multi-generational (in F0 and F1) and transgenerational (in F2) effect of BaP on sperm count. Accumulations of BaP and its metabolites in the male reproductive system, especially in the testis and epididymis of exposed animals, were documented by Ramesh et al. (2001) . Accumulation of the metabolites of BaP in the male reproductive system may significantly reduce the population of Leydig cells via apoptosis, which in turn may lead to decreased testosterone secretion and impaired steroidogenesis and the consequent impairment of epididymal function of exposed animals (Inyang et al., 2003) . BaP reduces the synthesis and release of estradiol-17b and, as a consequence, its receptor populations in target organs in exposed rats (Archibong et al., 2002) . With the same doses of BaP as that used in our study, ER expression was significantly decreased in the uterus of exposed rats (Kummer et al., 2007) . Decreased ER expression is observed in human infertility and correlates with decreased sperm count in mice (Smith et al., 1995) . The estrogen action is required for fertility in male mice and the mutation of the ER in ER knock-out males leads to reduced mating frequency, low sperm numbers, and defective sperm function (Eddy et al., 1996) . Otherwise, the decrease in sperm count in mice exposed to BaP in this study may be attributable to the decreased area of the seminiferous epithelium and the decrease in the percentage of seminiferous tubules with elongated spermatids.
Sperm motility is one of the initial tests performed to assay sperm function; only motile sperm can achieve fertilization in vivo. Chemical exposure may have a direct effect on sperm motility, and several reports have shown a direct correlation between chemical exposure and sperm motility in humans (Li et al., 2001; Hauser et al., 2003) and animals (Song et al., 2008; Yuan et al., 2009) . In our study, sperm motility in the F0 and F1 males was significantly reduced compared with that of the control group males. Possible mechanisms underlying decreased sperm motility are oxidative stress, the production of reactive oxygen species, and the subsequent lipid peroxidation of the sperm plasma membrane (Aitken, 1997; Storey, 1997; Armstrong et al., 1999) . Reactive oxygen species have been found in tissues of animals exposed to BaP (Kim and Lee, 1997) . Inyang et al. (2003) also suggested that BaP contributes to testicular and epididymal dysfunction by interfering with steroidogenesis.
Among all of the methods for predicting fertility, in vitro fertilization tests are the most suitable for assessing overall sperm function duringfertilization. Recently, Oh et al. (2010) investigated the ability of the SPA method to discriminate between high and low fertility sperm in boars. An SPA provides a measure of the ability of sperm to complete the physiological events that are required for normal fertilization (Aitken, 1994) . Therefore, SPA is becoming more common for the assessment of fertility potential. In the present study, we therefore assessed sperm fertility using a SPA and expressed the results as SFI. Fertility as assessed by SFI was significantly reduced after BaP treatment in F0 and F1 males. The lower SFI in the BaP treatment groups demonstrate that BaP has a negative effect on fertility. As mentioned above, it is clear that the BaP may alter the fertility parameters via an effect on ER and consequently testis and epididymis function.
Finally, these events would lead to defective sperm function and decreased fertility.
Due to the unique property of germ cells of undergoing de-methylation and re-methylation during the period of sex determination in the developing gonad and the epigenetic events that occur during the process of spermatogenesis, the ability of an environmental agent such as an endocrine disruptor to influence the germline through an epigenetic process is postulated. This epigenetic effect on the germ-line could re-program the germ cell through an event such as altered DNA imprinting. This epigenetic effect could cause a transgenerational effect on subsequent generations through the germ-line. Because re-methylation of the germ-line appears to depend upon gonadal somatic cells, an alteration in somatic cell function by an agent such as an endocrine disruptor could indirectly influence germ cell re-methylation . In the present study, the observed effects are likely to be attributable to direct effects on the germ-line in the F1 generation and thus the study did provide evidence for transgenerational effects in F2 generation, showing that there was transmission of the defects into F2 generation, but declined in F3, potentially due to breeding with wild type females.
The transmission of the deleterious effects of BaP into the subsequent generations in our study faded out along the generations which indicate a non-mutagenic effect. The ability of a chemical toxicant to induce an epigenetic effect on the germ-line in the developing gonad and cause a transgenerational effect on male reproduction has been reported in several studies Chang et al., 2006) . Stouder and Paoloni-Giacobino (2010) showed that administration of the endocrine disruptor, vinclozolin, to pregnant female mice induces alterations in the imprinted status of five genes in the sperm of the offspring; these effects are transgenerational but disappear gradually from F1 to F3, and are paralleled by a decrease in the sperm concentration observed in F1. From these and other experiments Salian et al., 2009 ), our findings suggest the possible role of BaP to reprogram the epigenetic pattern of male germ-line and induce transgenerational effects.
Several studies have examined the reproductive toxicity effect of environmental chemicals, but the majority of these reports have focused on impaired gonadal development and function after direct exposure in utero or in the post-natal period. Only a handful of reports Schneider et al., 2008; Salian et al., 2009 ) have focused on the transgenerational effects of environmental chemicals on male fertility. To the best of our knowledge, the present study is the first to investigate the transgenerational effects of BaP on male fertility. Our findings suggest that BaP has adverse effects on male fertility not only in exposed males, but also in males in subsequent generations. However, these effects faded out across the generations indicating direct effects for F0 and F1. A true transgenerational effect was observed in F2 generation.
In conclusion, BaP causes morphological and functional alterations in male reproductive organs and spermatozoa. BaP is a potent chemical that decreases male fertility through testicular malformation, decreased semen parameters and decreased sperm fertilization ability. In mice, sperm count and SFI are the parameters most sensitive to BaP exposure. Thus, exposure to BaP decreases the fertilization potential of exposed males and has an adverse impact on sperm function and fertility in subsequent generations (F1 and F2) . From these
